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Abstract
Using apical membrane vesicles (AMV) prepared from mature foetal and early neonatal guinea pig lung we show that
pertussis toxin (PTX)-sensitive G-protein regulation of conductive 22Na uptake undergoes rapid changes following birth.
Thus, G-protein activation by intravesicular incorporation of 100 WM GTPQS into vesicles resuspended in NaCl, which in late
gestation stimulated uptake, consistently induced inhibition of conductive Na uptake into AMV prepared from neonatal
lung at 4 days of age (N4) (52 þ 9%, n = 8, P6 0.05). This response was not significantly different in the presence of the
relatively impermeant anion isethionate (Ise3) (69 þ 9%, n = 7, P6 0.05). Changes in the regulation of uptake were already
detectable on the day of birth (N0) in AMV resuspended in NaCl, with GTPQS inducing both stimulatory and inhibitory
responses. These data indicate that the processes by which 22Na uptake into AMV is regulated by G-proteins undergoes a
change at birth and by 4 days of age, G-protein regulation of uptake occurs predominantly via modulation of co-localised
Na channels. Intravesicular incorporation of GDPLS or pre-treatment with PTX did not significantly alter conductive
22Na uptake in the presence of NaCl or NaIse suggesting that constitutively active G-proteins are not involved in this
process. Pre-treatment of AMV with PTX prevented the inhibition of conductive 22Na uptake by GTPQS (105 þ 16% n = 7)
indicating that a PTX-sensitive G-protein mediates the inhibition of channels in neonatal AMV. Western blotting
demonstrated enrichment of GiK1, GiK2, GiK3 and GoK in the apical membrane preparations. We also show that there is a
significant rise in the levels of GiK3 during the early neonatal period providing a potential candidate for the G-protein
mediated changes in regulation of conductive 22Na uptake in neonatal AMV. ß 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction
We have previously demonstrated that the regula-
tion of conductive 22Na uptake in apical membrane
vesicles (AMV) prepared from late gestation guinea
pig lung involves at least two co-localised PTX-sen-
sitive G-proteins that modulate both Na and Cl3
channels [1]. How these membrane delineated path-
ways integrate with the well-characterised signalling
pathways involving cytosolic second messengers [2^5]
to modulate £uid transport in the foetal and neona-
tal lung has yet to be ascertained. Nevertheless, we
0167-4889 / 99 / $ ^ see front matter ß 1999 Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 7 - 4 8 8 9 ( 9 9 ) 0 0 0 5 9 - 2
Abbreviations: NAD, nicotinamide adenine dinucleotide phos-
phate; TRA, triethanolamine; Tris, tris(hydroxy-methyl)amino-
methane
* Corresponding author. Fax: +44-1382-632597;
E-mail : r.e.olver@dundee.ac.uk
BBAMCR 14487 29-6-99
Biochimica et Biophysica Acta 1450 (1999) 468^479
www.elsevier.com/locate/bba
suggest that they may play a role in the regulation of
Cl3 driven £uid secretion in the foetus and the func-
tional switch to Na driven £uid absorption at birth.
In vivo, foetal lungs are maintained in a £uid ¢lled
state by active Cl3 secretion and in sheep, lung liquid
volume is maintained up until the onset of labour [6].
However, net £uid absorption can be elicited by L-
adrenoceptor stimulation [5] suggesting an increase
in the driving force for Na absorption, possibly
accompanied by a decrease in the driving force for
Cl3 secretion. This pathway is thought to be medi-
ated by the G-protein GKs that increases the activity
of apical Na channels via an increase in cytosolic
cAMP. Perinatally, the lung undergoes distinct func-
tional changes. In the newborn guinea pig (N0), al-
veolar £uid absorption rates are signi¢cantly in-
creased but by 4 days postnatal (N4) they have
declined to levels that are signi¢cantly lower than
those in the newborn [2], but remaining absorptive.
These changes can be related, in part, to endogenous
levels of circulating catecholamines acting via GKs
linked L-adrenoceptors to regulate Na absorption.
However, antagonist blockade of L-adrenoceptors
does not abolish all lung £uid clearance in the guinea
pig [2] or in newborn sheep [7] suggesting that there
are other mechanisms regulating £uid absorption.
Our previous ¢ndings [8] and those of Berdiev et
al. [9] have identi¢ed pathways that also exist for the
direct regulation of Na and Cl3 channels by G-
proteins in the apical membrane of the ATII cell.
We have shown that activation of co-localised G-
proteins by GTPQS in late gestation foetal AMV in-
creased conductive 22Na by modulation of both
Na and Cl3 channels in the apical membrane. We
also demonstrated that there was a tonic activation
of Cl3 channels via a PTX-sensitive G-protein in
these AMV under resting conditions [8]. These mem-
brane delineated pathways are distinct from those
involving L-adrenoceptor activation of GKs and as
such provide a novel mechanism for the regulation
of Na and Cl3 channels in the apical membrane of
the ATII cell.
Using a similar protocol to that previously de-
scribed for quantifying 22Na uptake into late gesta-
tion foetal AMV [8,10,11], we report the result of
studies to examine how co-localised G-proteins reg-
ulate conductive 22Na uptake by modulation of
Na and Cl3 conductance pathways in AMV pre-
pared from newborn (N0) and 4 day neonatal (N4)
guinea pig lung. We have extended our previous
studies to investigate the distribution of G-proteins
in lung membrane preparations and provide immu-
nological evidence for the localisation of PTX-sensi-
tive G-protein isoforms to the ATII cell derived ap-
ical membrane. We also document the expression of
these G-proteins during late foetal to early neonatal
development.
2. Materials and methods
2.1. Membrane preparation
Lung membranes were prepared from 1^3-day pre-
term foetal (F1^3), term (N0) and 1- and 4-day post-
natal (N1 and N4) guinea pigs. The preparation of
total and apical membranes was carried out using the
protocol developed by Fyfe et al. [10] with appropri-
ate modi¢cations for neonatal samples. Brie£y, foe-
tuses delivered by caesarean section and neonates
were anaesthetised by intra-peritoneal injection with
0.5^1.0 ml Hypnorm (Janssen Pharmaceutical, Ox-
ford, UK) or a cocktail of 25% Hypnorm, 25% Hyp-
novel (Roche, Welwyn Garden City, UK), 50% H2O
and heparinised (Leo Laboratories, Buckingham,
UK). Neonatal lungs were then instilled with 5^10
ml ice cold lavage solution (140 mM NaCl, 5 mM
KCl, 10 mM HEPES, 20 mM glucose, pH 7.4) via a
tracheal cannula. The solution was left for 10 min,
removed and followed by a further ¢ve washes of
similar volume to remove alveolar macrophages.
The pulmonary circulation in the foetus and neonate
was cleared by transcardial perfusion with heparin-
ised, ice-cold, isotonic saline prior to excision and
further processing to obtain membranes. After the
total membrane pellet had been obtained, 75% of
the preparation was processed further to obtain
both apical and intracellular membrane enriched
fractions. Apical membranes were prepared as previ-
ously described [8], selectively precipitating mem-
branes which lacked brush borders by cross linking
sialic acid residues with Mg2. To investigate the
membrane segregation of G-proteins in the distal
lung, we also prepared intracellular membrane en-
riched fractions using Con A sepharose beads to re-
move glycoprotein-containing membrane, i.e. plasma
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membrane, from the total membrane pellet. Total
membranes were mixed with 1 ml of Con A sephar-
ose beads per mg of protein in 2Uvolumes of bind-
ing bu¡er (20 mM Tris-HCl, 0.5 M NaCl, pH 7.4).
The resulting suspension was rotated at 60 rpm for 1
h at 4‡C after which the Con A sepharose beads were
removed by centrifugation at 2000Ug for 10 min at
4‡C. The supernatant was centrifuged at 105 000Ug
for 1 h at 4‡C to pellet the intracellular enriched
membrane preparation. Samples were resuspended
in tissue lysis bu¡er for SDS-PAGE analysis, NaCl
bu¡er for use in enzyme assays, NaCl bu¡er (125
mM NaCl, 10 mM TRA, pH 7.6) or sodium ise-
thionic acid (NaIse) bu¡er (125 mM C2H5O4SNa,
10 mM TRA, pH 7.6) for conductive 22Na assays
and stored at 370‡C until required.
The purity of the isolated membranes was assessed
using assays for enzyme markers as previously de-
scribed [8] : alkaline phosphatase activity (EC
3.1.3.1), for brush borders, succinate-dehydrogenase
activity, for mitochondria (EC 1.3.99.1), NADPH-
dependent cytochrome c reductase (EC 1.6.2.4), for
endoplasmic reticulum and acid phosphatase activity
(EC 3.1.3.2), for lysosomal membranes. Contamina-
tion of the ATII membrane preparations from air-
way secretory cells had been previously demonstrated
to be negligible [1]. Paired t-tests were used to com-
pare the mean di¡erence in enzyme activity between
apical or intracellular membrane preparations and
total membrane. P6 0.05 was considered signi¢cant.
Protein content was estimated using the Bradford
method (Bio-Rad, York, UK) with bovine serum al-
bumin as a standard.
2.2. 22Na+ uptake assays
The uptake assay has been previously described in
detail by this laboratory [8]. Brie£y, this protocol
ampli¢es conductive transport via cation-speci¢c
channels. The removal and replacement of external
Na with the impermeable cation Tris, results in an
outwardly directed Na gradient and the establish-
ment of an electrical di¡usion potential resulting
from the increased permeability of Na relative to
that of Cl3 or Tris, which in turn drives tracer
accumulation. The di¡erence between 22Na uptake
with and without an imposed outward gradient rep-
resents conductive Na uptake (i.e. it is assumed that
electroneutral transport or Na/solute co-transport is
eliminated). The initial rate of 22Na uptake is esti-
mated at 2 min and at which point extravesicular
22Na is stripped o¡ the vesicles using Dowex
50W-X8, (50^100 Wm mesh, Tris form) ion exchange
columns. All data are expressed in terms of initial
rate conductive 22Na uptake.
In the presence of outwardly directed ion gra-
dients, the Goldman^Hodgkin^Katz equation pre-
dicts that the magnitude of the intravesicular poten-
tial is determined by the relative permeability of the
apical membrane to cations and anions. Thus accu-
mulation of 22Na into the vesicles can potentially be
modulated by altering the permeability to Cl3 (thus
changing the driving force) as well as to Na. We
have previously shown in AMV prepared from late
gestation foetal lungs, that substitution of Cl3 with
Isethionate3 (Ise3, C2H5SO34 ) a larger, less permeant
anion induced a similar increase in conductive 22Na
uptake to that of the Cl3 channel blocker 4-acetami-
do-4P-isothiocyaostilbene-2,2P-disulfonic acids (SITS)
[8]. Therefore, in order to di¡erentiate between
changes in 22Na uptake due to changes in the elec-
trical driving force via the anion conductance and
those due to modulation of the Na conductance,
experiments were conducted using both NaCl and
NaIse to generate outwardly directed Na gradients
in N4 AMV.
The G-protein modulators, 100 WM GTPQS or 100
WM GDPLS, were introduced at the vesiculation
stage in the presence of 1 mM MgCl2 and were left
to equilibrate at room temperature for 1 h prior to
imposition of the Na gradient.
The data are presented as mean þ S.E.M. Other
than the results of experiments undertaken to deter-
mine the e¡ect on baseline 22Na uptake of NaIse
substitution for NaCl, which are presented as pmol
mg protein31, the data are normalised to control
(100%) for clarity. However, in every case, statistical
analysis was performed on the raw data using a
paired t-test to compare the mean di¡erence between
test and control samples. P90.05 was considered sig-
ni¢cant.
2.3. PTX-dependent ADP-ribosylation of apical
membrane
ADP-ribosylation of apical membranes was car-
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ried out as previously described [8]. PTX was pre-
activated in activation bu¡er (115 mM NaCl, 10
mM TRA, 20 mM DTT, pH 8.0) for 1 h at 37‡C.
800 Wg of apical membrane was vesiculated in 1 ml of
ribosylation bu¡er with or without (vehicle control)
10 Wg of pre-activated PTX. ADP-ribosylation of
membrane proteins, using NAD as a substrate, was
carried out for 1 h at 37‡C. After the incubation, the
apical membrane vesicles (AMV) were diluted with
125 mM NaCl and centrifuged at 70 000Ug for 45
min at 20‡C. This procedure gave a ¢nal calculated
concentration of 100 ng ml31, PTX, 1.3 WM DTT
inside the AMV. Optimal incubation time was as-
sessed as previously described using [32P]NAD as
the substrate [8].
2.4. Western blotting of G-proteins
Membrane proteins (40 Wg) were separated by
SDS-PAGE. Resolving gels and running conditions
varied according to which G-protein K-subunit was
being investigated. GiK3 was resolved using 10%
acrylamide, 0.26% bis (w/v) gels; GiK1/2 and
Gq=11K were resolved on 12.5% acrylamide, 0.065%
bis (w/v) gels supplemented with 6 M urea; GoK
isotypes were resolved on 9% acrylamide, 0.26% bis
(w/v) gels supplemented with 6 M urea. The proteins
were transferred to nitrocellulose (Schleicher and
Schuell, Germany) by semi-dry electrophoresis using
a discontinuous bu¡er system and detection of the
G-protein K-subunits was performed by Western
blotting with speci¢c antipeptide antisera (1:500) as
previously described [8]. Visualisation of the immu-
nologically detected K-subunits was achieved using
the ECL-Western blotting detection system (Amer-
sham International, Amersham UK). ECL-stained
blots were exposed to X-ray ¢lm overnight and the
relative amounts of G-protein K-subunits were as-
sessed by the intensity of immunoblot staining car-
ried out by densitometry analysis. Control experi-
ments established that, for each antiserum, the
intensity of labelling of the corresponding band was
directly proportional to the amount of membrane
protein used in the experiment (data not shown).
Paired t- tests were used to compare the mean di¡er-
ence in density between G-proteins detected in apical
or intracellular membrane preparations and total
membrane and were also used to compare levels be-
tween F1^3 and other developmental ages. P6 0.05
was considered signi¢cant.
2.5. Reagents
All reagents were of the highest grade available
and purchased from Sigma (Poole, Dorset, UK) un-
less stated otherwise. Protein dye reagent was pur-
chased from Bio-Rad (Hemel Hempstead, Hertford-
shire, UK). 22NaCl (carrier free; speci¢c activity
1004 mCi mg31) was purchased from NEN-Du
Pont (Stevenage, Hertfordshire UK). Disposable
Pasteur pipettes were purchased from Alpha Labo-
ratories (Eastleigh, Hampshire, UK).
3. Results
3.1. GTPQS modulation of conductive 22Na+ uptake
changes during development
The intravesicular incorporation of 100 WM
GTPQS in AMV resuspended in NaCl caused a sig-
ni¢cant stimulation of conductive 22Na uptake to
142 þ 13% of control (100%) (n = 5, P6 0.05) in F1^3
AMV, similar to levels we have previously reported.
In N0 AMV, the response to GTPQS was heteroge-
neous with both inhibitory and stimulatory e¡ects on
conductive 22Na uptake observed, resulting in mean
levels that were not signi¢cantly di¡erent from con-
trol (128 þ 27%, n = 14). In N4 AMV, GTPQS was
predominantly inhibitory (8/9) and caused a signi¢-
cant inhibition of conductive 22Na uptake to
58 þ 9% (n = 9, P6 0.05) in these experiments (Fig.
1). These results suggest that during the transition
from foetal to neonatal life there is a change in the
G-protein regulation of conductive 22Na uptake in
lung AMV.
In order to study the mechanism by which GTPQS
inhibits conductive uptake in the neonate we concen-
trated our studies on AMV prepared from day 4
neonatal lungs (N4).
3.2. Conductive 22Na+ uptake in N4 AMV is
modulated by anions
The initial rate of conductive 22Na uptake in
AMV resuspended in NaCl was 39 þ 7 pmol mg
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protein31 (n = 8) compared to 74 þ 9 pmol mg
protein31 (n = 8) in AMV resuspended in Ise3. Sub-
stitution of NaCl with NaIse thus increased uptake
218 þ 23% (n = 8). These values were considered a
measurement of the basal conductive 22Na uptake
and represent 100% control levels to which the ex-
perimental manipulations are compared for clarity.
3.3. GTPQS inhibits conductive 22Na+ uptake in N4
AMV resuspended in NaCl and NaIse
GTPQS (100 WM) inhibited conductive 22Na up-
take to 52 þ 9%, (n = 8, P6 0.05) in the presence of
NaCl and 69 þ 9% (n = 7, P6 0.05) in the presence of
NaIse (Fig. 2). There was no signi¢cant di¡erence in
the e¡ect of GTPQS in the presence of NaCl or
NaIse. Thus, these results indicate that the GTPQS
mediated inhibition of conductive 22Na uptake in
N4 AMV is predominantly through an inhibition
of Na channels without signi¢cant e¡ect on the
Cl3 selective pathways.
GDPLS (100 WM) had no signi¢cant e¡ect on con-
ductive 22Na uptake (89 þ 12%, n = 10, P = 0.9) sug-
gesting that there were no constitutively active G-
protein regulated pathways modulating Na or Cl3
transport pathways in these AMV.
3.4. E¡ects of PTX-dependent ADP ribosylation on
conductive 22Na+ uptake
The use of PTX in cytosol-free preparations re-
quires pre-activation of PTX by incubation with
DTT. Therefore, experiments using PTX pre-treat-
ment were controlled by comparison to vehicle con-
trol in a parallel limb. Pre-activated PTX (10 Wg
ml31) had no signi¢cant e¡ect in the presence of
NaCl (99 þ 19%, n = 7, P = 0.9), unlike that reported
previously in F1^3 AMV (171 þ 20%) [8]. Mean con-
ductive 22Na uptake in N4 AMV resuspended in
NaIse and treated with PTX was 122 þ 19% of con-
trol (P = 0.2, n = 9; Fig. 3).
3.5. PTX pre-treatment prevents GTPQS mediated
inhibition of conductive 22Na+ uptake
Re-vesiculation of N4 AMV in the presence of
GTPQS after pre-treatment with 10 Wg ml31 PTX
had no signi¢cant e¡ect on conductive 22Na uptake
(105 þ 16%, n = 7) (Fig. 4), suggesting that the
Fig. 1. Developmental changes in GTPQS modulation of con-
ductive 22Na uptake in AMV. Apical membranes prepared
from late gestation foetus 1^3 days pre-term (F1^3), day of de-
livery (N0) and 4 days postnatal (N4) guinea pig lung. Mem-
branes were revesiculated in the presence of 125 mM NaCl and
100 WM GTPQS, an irreversible G-protein activator. Conductive
22Na uptake was measured at 2 min and is expressed as a per-
centage relative to NaCl control (100%). GTPQS stimulated con-
ductive 22Na uptake in F1^3 AMV (n = 5), but predominantly
inhibited conductive 22Na uptake in N4 AMV (n = 9). There
was a mixed response to GTPQS in N0 AMV. Individual values
for conductive 22Na uptake are plotted as open circles and
mean values are shown as horizontal bars.
Fig. 2. Activation of G-proteins inhibits conductive 22Na via
Na conductive pathways in neonatal AMV. Apical membranes
from day 4 neonatal lungs (N4) were revesiculated in either 125
mM NaCl (n = 7) or NaIse (n = 8) in the presence of 100 WM
GTPQS. The e¡ects of GTPQS are expressed as a percentage of
control conductive uptake levels for the anion used, i.e. NaCl
or NaIse. *Signi¢cantly di¡erent from NaCl control, P6 0.05.
**Signi¢cantly di¡erent from NaIse control, P = 0.05.
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GTPQS-mediated inhibition of conductive 22Na up-
take in N4 AMV is via a PTX-sensitive G-protein.
3.6. PTX-sensitive G-proteins are enriched in lung
apical membrane
The enrichment of alkaline phosphatase activity in
apical membranes relative to homogenate was ap-
proximately 15.0 and this is consistent with previous
values for this preparation [1]. Enzyme assays per-
formed on the apical and intracellular membrane
preparations used to analyse G-protein distribution
were compared to total membrane, not homogenate
and gave lower enrichment values. Mean enzyme ac-
tivities for each of these preparations, compared to
total membrane activity are given in Table 1A.
Nevertheless, alkaline phosphatase activity was sig-
ni¢cantly enriched in apical membrane preparations.
Speci¢c markers of endoplasmic reticular (NADPH-
dependent cytochrome c reductase activity) and mi-
tochondrial membranes (succinate dehydrogenase ac-
tivity) showed no enrichment. Lysosomal membrane
acid phosphatase activity enrichment was also con-
sistently above unity, a ¢nding most likely accounted
for by the high sialic acid content of lysosomal/mi-
crosomal membranes which reduces the ability of the
Mg2 to precipitate these membranes. Intracellular
membrane preparations were depleted in alkaline
phosphatase activity compared to total membrane
activity. In contrast, acid phosphatase activity was
signi¢cantly enriched in these membranes.
NADPH-dependent cytochrome c-reductase activity
was moderately enriched in the intracellular mem-
brane preparations, while succinate dehydrogenase
activity showed no enrichment in either preparation.
If the G-proteins studied were randomly distrib-
uted in distal lung membranes, we would expect
that the enrichment values would remain close to
unity in all the preparations studied. However, our
data show that this was not the case (Table 1B). In
the apical membrane preparation, the enrichment
values for all the PTX-sensitive G-proteins were sig-
ni¢cantly higher than unity (P6 0.05). In the intra-
cellular membrane preparation, only GiK2 exhibited
signi¢cant enrichment. As both membrane prepara-
tions have signi¢cant enrichment of acid phosphatase
activity but, with the exception of GiK2, the G-pro-
teins enrich in only the apical membrane prepara-
Fig. 3. E¡ects of PTX pretreatment on conductive 22Na up-
take in the presence of NaCl or NaIse. Apical membranes were
incubated with 10 Wg ml31 PTX, or vehicle control for 1 h at
37‡C. AMV were then revesiculated in either 125 mM NaCl
(n = 7) or 125 mM NaIse (n = 9) and allowed to equilibrate at
room temperature for 1 h. The e¡ect of PTX on conductive
22Na uptake in the presence of NaCl or NaIse are expressed
as a percentage relative to control conductive uptake levels for
each anion in the presence of vehicle control. Neither treatment
is statistically di¡erent from control.
Fig. 4. Pretreatment of AMV with PTX prevented GTPQS
mediated inhibition of conductive 22Na uptake. Apical mem-
branes were incubated at 37‡C for 1 h in the presence of 10 Wg
ml31 PTX, or vehicle control. AMV were then revesiculated in
125 mM NaCl (n = 9) in the presence or absence of 100 WM
GTPQS and allowed to equilibrate at room temperature for 1 h.
The e¡ects of PTX and PTX+GTPQS on conductive 22Na up-
take are expressed as a percentage relative to control conductive
uptake levels and neither is statistically di¡erent from control.
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tion, we conclude that the PTX-sensitive G-proteins
co-localise with the apical membrane marker alkaline
phosphatase. The distribution of GiK2 suggests that
it is present both in intracellular and apical mem-
branes.
3.7. GiK
The antipeptide antiserum SG1, raised to a car-
boxy-terminal decapeptide common to GiK1 and
GiK2, but not GiK3 [12], stained two protein iso-
forms of 41 kDa in preparations of distal lung apical
membrane as previously reported [8]. Using this anti-
serum, the predominant isoform in lung apical mem-
brane throughout development was GiK2, with pro-
tein levels 2.4 þ 0.2 (n = 3) fold higher than those of
GiK1. In the gestational ages studied, neither isoform
exhibited signi¢cant developmental changes in the
level of expression (Fig. 5A).
A single protein band of 41 kDa was immuno-
stained, corresponding to the predicted size of GiK3
(Fig. 5B). Levels of GiK3 were signi¢cantly higher in
Table 1
Membrane marker and G-protein distributions in apical and intracellular lung membranes
(A)
Enzyme Enrichment (speci¢c activity)
Apical :total intracellular:total
Alkaline phosphatase 5.9 þ 0.7 (n = 8)a 0.4 þ 0.2 (n = 3)
Acid phosphatase 2.0 þ 0.4 (n = 8)a 3.8 þ 0.5 (n = 3)a
NADPH-dependent cytochrome c reductase 0.7 þ 0.1 (n = 8) 0.5 þ 0.1 (n = 3)
Succinate dehydrogenase 1.0 þ 0.1 (n = 8) 1.3 þ 0.2 (n = 3)
(B)
G-protein Enrichment (immunostained band density)
Apical :total Intracellular:total
GiK1 2.2 þ 0.2 (n = 4)a 1.1 þ 0.1 (n = 3)
GiK2 2.3 þ 0.1 (n = 4)a 1.7 þ 0.3 (n = 3)a
GiK3 3.1 þ 0.2 (n = 4)a 1.3 þ 0.4 (n = 3)
GoK1 1.9 þ 0.2 (n = 4)a 1.2 þ 0.2 (n = 3)
GoK 1.7 þ 0.2 (n = 4)a 1.0 þ 0.1 (n = 3)
Gq/11K 1.1 þ 0.7 (n = 4) 1.2 þ 0.1 (n = 3)
The activities of membrane markers and immunostained G-protein density were measured as described in Section 2. Results are ex-
pressed as relative enrichments of either enzyme activity (A) or G-protein density (B) in the apical or intracellular membrane with re-
spect to total membranes. Data are presented as mean þ S.E.M. A value of 1 = no enrichment, s 1 = enrichment and 6 1 = negative
enrichment.
aSigni¢cantly higher than levels determined in total membrane (P6 0.05).
C
Fig. 5. Developmental expression of G-protein K-subunits. The representative Western blots of lung apical membrane protein corre-
spond to the developmental ages shown beneath each graph which were compiled on the basis of densitometric analysis of three such
blots. For clarity, data are expressed as the percentage change in immunostained protein band density compared to F1^3 levels. Nor-
malised data are expressed as mean þ S.E.M. Age is expressed in relation to term; F1^3 indicating days before term, N0 indicating
day of birth and N1 and N4 indicating postnatal age in days. *Signi¢cantly di¡erent from F1^3 levels, (P6 0.05). (A) Apical mem-
brane immunostained with the antiserum SG1. The two protein isoforms GiK1 and GiK2 are indicated. Minimum expression of GiK1
was seen on the day of birth (N0), whilst expression of GiK2, which was much higher, remained relatively constant throughout devel-
opment. (B) Apical membrane immunostained with anti-GiK3 antisera. Expression of this protein was signi¢cantly higher at 4 days
post-term (N4) than at F1^3. (C) Apical membrane immunostained with the antiserum ON1. The two protein isoforms representing
GoK1 and GoK2 are indicated. Expression of these two proteins did not change signi¢cantly during development. (D) Apical mem-
brane immunostained with anti-Gq=11K antibody. The two protein isoforms detected, representing GqK and G11K subunits, are indi-
cated. Expression of these two proteins are regulated similarly in the developmental ages studied.
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apical membrane than in the total plasma membrane
preparation throughout development (Table 1B).
The expression of GiK3 exhibited the most marked
change during development (Fig. 5B). Immuno-
stained protein levels rose rapidly from birth to reach
signi¢cantly higher levels, 149 þ 13% (n = 3,
P6 0.05), by day 4 (N4) compared to the late ges-
tation foetus (F1^3). These data provide a potential
candidate underlying the change in G-protein regu-
lation of conductive 22Na in N4 AMV.
3.8. GoK
The antiserum ON1 is raised against the N-termi-
nal decapeptides speci¢c to GoK proteins and recog-
nised two isoforms of 39 kDa when separated by
SDS-urea-polyacrylamide gels (Fig. 5C) correspond-
ing to GoK1 and GoK2. With the use of these anti-
sera, GoK1 was shown to be the predominant of the
two isoforms in the apical membrane with protein
levels 1.3-fold higher than GoK2 (n = 3). Protein lev-
els did not signi¢cantly alter at the gestational ages
studied.
3.9. Gq=11K
The antiserum CQ4 recognised two proteins of
approximately 42 kDa on Western blots correspond-
ing to the PTX-insensitive GqK and G11K subunits
(Fig. 5D). These proteins were detected in all mem-
brane preparations and were not enriched in the ap-
ical membrane or intracellular membrane prepara-
tions (Table 1). Both Gq and G11 K-subunit
proteins were expressed similarly during the develop-
mental period studied.
4. Discussion
4.1. Conductive 22Na+ uptake
The model we have used to investigate conductive
Na transport through apically localised channels
has been previously characterised using AMV de-
rived from late gestation foetal lung [8]. Establish-
ment of an electrical di¡usion potential creates the
driving force for 22Na uptake and ampli¢es the
movement of Na into the vesicles via conductive
pathways. The relative magnitude of the di¡usion
potential is not only dependent on the externally di-
rected chemical Na gradient, but also the perme-
ability of the apical plasma membrane to anions.
In order to address the contribution of anion perme-
ability to changes in conductive 22Na uptake, we
have previously undertaken experiments in which
Cl3 is substituted with Ise3 [8]. Relative to Cl3,
this comparatively impermeant anion was found to
increase conductive 22Na uptake to a level similar
to that observed after as extravesicular application of
the stilbene anion channel blocker SITS. We con-
cluded that F1^3 AMV possess a signi¢cant anion
conductance.
Here we have shown that, as in F1^3 AMV [8],
conductive 22Na uptake was increased in the pres-
ence of NaIse compared to NaCl in N4 AMV indi-
cating that a signi¢cant Cl3 conductance persists
postnatally.
4.2. Developmental regulation of 22Na+ conductive
uptake in AMV
Our demonstration in mature foetal (F1^3) AMV
that GTPQS stimulates conductive 22Na uptake is
consistent with our previously reported ¢ndings
[11], in which we provided evidence that the increase
in uptake is a result of the activation of Na con-
ductance and the inhibition of Cl3 conductance (the
latter increasing the driving force for uptake). Addi-
tionally, in F1^3 AMV, we demonstrated PTX-sen-
sitive tonic activation of the Cl3 conductance. Here
we show that by 4 days of age the properties of the
G-protein linked regulatory pathways have changed
to the extent that in N4 AMV the e¡ect of GTPQS on
conductive 22Na uptake is inhibitory and predom-
inantly mediated by the inhibition of Na channels.
In addition, although Cl3 conductance can still be
demonstrated in the basal state, we could show no
G-protein linked e¡ect on the Cl3 conductance using
GTPQS and no evidence of tonic activation of the
Cl3 conductance under basal conditions. Thus, un-
like the more complex situation in F1^3 AMV, which
requires at least two PTX-sensitive G-proteins for a
workable model, in N4 AMV the data are explicable
on the basis of a single PTX-sensitive G-protein iso-
form linked to co-localised Na channels.
Analysis of a large number of samples from ani-
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mals on the day of birth (N0) showed both a GTPQS-
mediated inhibition and stimulation of conductive
22Na uptake, indicating that the GTPQS-mediated
inhibition of conductive 22Na transport begins to
develop from the time of birth (Fig. 1).
The mechanisms underlying this switch from a
stimulatory to an inhibitory e¡ect of G-protein acti-
vation on 22Na uptake is unclear. It could be the
result of changes in the level of expression of PTX-
sensitive G-proteins (see below) or the result of a
complex interplay between channel activation state
and G-protein activity, as in the model described in
lymphocytes [13] to explain the reports that a PTX-
sensitive G-protein, GiK3, may both stimulate [14]
and inhibit [15] epithelial Na channel activity.
This model may be relevant to the perinatal lung in
which Na channel activation by endogenous cate-
cholamines during and after birth involves phospho-
rylation via predominantly cAMP-dependent mecha-
nisms [4,9]. Furthermore, this upregulation of Na
channel activity by L-adrenoceptor stimulation in
vivo has been shown to persist in AMV [16].
Although the model derived from lymphocyte studies
is not applicable in its entirety to perinatal lung (for
example, in our preparation PTX has no signi¢cant
e¡ect on Na conductance) the observation that
phosphorylation state of the channel can reverse
the e¡ect of G-protein activation is clearly of rele-
vance and may represent a mechanism for the inter-
action of the cytosolic and membrane delimited reg-
ulatory pathways in perinatal lung. GiK3 has been
shown to co-precipitate with the epithelial Na chan-
nel complex in renal epithelium and A6 cells [17,18],
but it has not been demonstrated to co-precipitate
with alveolar epithelial Na channels [19]. Neverthe-
less, we ¢nd that the GiK3 isoform shows clear evi-
dence of developmental regulation.
4.3. Mechanism of G-protein regulation of 22Na+
conductive uptake in AMV
Evidence from mouse mandibular duct cells has
demonstrated that the regulation of Na channels
is linked to cytosolic Na and Cl3 concentrations
acting via separate PTX-sensitive G-proteins. In
each case, high intracellular concentrations of the
ion inhibit Na conductance, the e¡ect of Na being
mediated by GoK and that of Cl3 by GiK2 [20,21].
Our previously published data did not support the
existence of such a pathway in AMV derived from
late gestation foetal lung (F1^3) [8]. Similarly, the
data presented here do not support the tonic activa-
tion of such a pathway in N4 AMV. According to
the model described by Dinudom and colleagues [21],
high intravesicular Cl3 would be anticipated to in-
duce activation of GiK2, resulting in an inhibition of
conductive 22Na uptake in AMV resuspended in
NaCl. Addition of GDPLS or PTX would then be
expected to stimulate uptake by maintaining the G-
protein in its heterotrimeric inactive form. However,
GDPLS and PTX had no signi¢cant e¡ect on uptake.
In the absence of cytoplasmic components, the in-
hibitory e¡ect of GTPQS on conductive 22Na uptake
is likely to be a direct action of the G-protein on the
channel. Such a direct inhibitory action of activated
GiK2 on Na channels puri¢ed from adult rabbit
alveolar type II cells and reconstituted into bilayers
has been reported by Berdiev and colleagues [9] who,
like us, also found that GDPLS and PTX were in-
e¡ective in modulating conductive 22Na uptake.
Our ¢nding that GTPQS did not induce consistent
inhibition after PTX pre-treatment supporting the
notion that the G-protein mediating the inhibition
of conductive 22Na uptake in N4 AMV is PTX-
sensitive.
4.4. Developmental regulation of G-protein expression
in AMV
In the light of the observed changes in G-protein
regulation of conductive 22Na uptake between late
gestation (F1^3) and early neonatal AMV (N0 and
N4), we investigated whether there was a signi¢cant
change in PTX-sensitive G-protein level and distribu-
tion in these gestational ages. We also investigated
the expression of GqK and G11K, as our previous
experiments using F1^3 AMV had suggested the ad-
ditional existence of PTX-insensitive modulation of
conductive 22Na uptake and GTPase activity [8,22].
We have demonstrated that the PTX-sensitive G-
protein isotypes, GiK1, GiK2, GiK3 and GoK can be
detected in membrane preparations derived from
guinea pig distal lung and that they co-localise with
the apical membrane marker, alkaline phosphatase.
These data suggest that the PTX-sensitive G-proteins
GiK1,2,3, and GoK are localised in the apical mem-
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brane of ATII cells and are consistent with the dem-
onstration of several G-proteins in ATII cells by
ADP ribosylation with PTX [23] and Western blot-
ting [24].
We have also con¢rmed that GiK2 is the predom-
inant isoform in our apical preparations by Western
blotting using antipeptide antisera. These ¢ndings are
in accordance with observations in bovine lung by
Morishita et al. [25], but contrast with those in rat
ATII cells by Pian and Dobbs [24] who observed
very weak expression of GiK1 and suggested that
the relative abundance of GiK2 and GiK3 were sim-
ilar. Of the PTX-sensitive G-proteins, GiK2 is unique
in the fact that it also enriched in the intracellular
membrane preparation. Whilst the cellular source of
intracellular membranes from the distal lung cannot
be de¢ned (unlike the apical preparation), it seems
likely that the high levels of GiK2 re£ects its addi-
tional presence in the intracellular membranes of
ATII cells. The presence of high levels of GiK2 in
the apical membrane would support a role for mod-
ulation of conductive 22Na in AMV. Against this is
the ¢nding that levels of expression of this G-protein
did not change in the gestational ages studied. How-
ever, it should be borne in mind that, whilst levels of
G-protein in the membrane can be linked to func-
tional changes in tissues and cells [26,28], some cau-
tion is required when deducing roles for such G-pro-
teins based on changes in protein levels during
development. Other factors, such as the activation
and turnover of G-proteins in the membrane can
also modulate their e⁄cacy [29].
Of all the G-protein isoforms we studied, GiK3
showed the greatest propensity for developmental
regulation. Its expression has also been shown to
change during myometrial development [30] and in
response to aldosterone associated with changes in
sodium channel activity [27]. GiK3 had the highest
apical enrichment ratio of all the PTX-sensitive G-
proteins. These observations would seem to indicate
that GiK3 is a strong candidate for a role in Na
channel regulation in the developing guinea pig
ATII cell. It may also be signi¢cant that GiK3 has
recently been implicated in lipoprotein-stimulated
surfactant secretion [24].
We have also identi¢ed two isoforms of GoK in the
apical membrane preparation using speci¢c antipep-
tide antisera that are characteristic of the splice var-
iants, GoK1 and K2. The mRNAs coding for the
alternatively spliced G-protein isotypes GoK1 and
K2, which are more commonly restricted to neuronal
and humoral tissues, have only been shown in lung
tissue by Northern blotting [31,32] and PCR [33]. No
speci¢c roles have yet been described for GoK in the
distal lung epithelium. However, its presence may
support a role in the regulation of epithelial Na
channels in response to intracellular Na as de-
scribed in salivary ducts. [20,34]. Our ¢nding that
the levels of both isoforms did not change signi¢-
cantly during development, taken together with the
necessity of Nedd 4 in the GoK-mediated pathway,
led us to believe that this isoform is unlikely to
underlie the inhibition of conductive 22Na transport
we demonstrate in N4 AMV.
4.5. Conclusion
We have shown that, in contrast to our ¢ndings in
mature foetal AMV (F1^3) [8] conductive 22Na up-
take in the newborn (N4) AMV is inhibited by
GTPQS. We propose that transduction of this path-
way is via activation of an apically co-localised PTX-
sensitive G-protein which directly inhibits epithelial
Na channels. Western blotting has suggested that
the likely candidates are the PTX sensitive G-pro-
teins GiK2 and GiK3. We can only speculate as to
the functional signi¢cance of the changes we have
observed in the early neonatal period. However, it
is interesting to note that the period over which the
inhibitory e¡ect of G-protein activation on Na con-
ductance develops neonatally corresponds to the pe-
riod during which Na driven £uid absorption de-
clines in the guinea pig [2]. Thus the membrane
delimited regulatory pathway we describe may repre-
sent a mechanism for ¢ne tuning alveolar £uid trans-
port in order to maintain an adequate alveolar £uid
layer postnatally.
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